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Efficient 2-D leaky-wave antenna
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Different configurations of leaky-wave antennas (LWAs) based on graphene metasurfaces are studied. The electronic prop-
erties of a graphene metasurface in the low THz range are investigated in details in order to discuss the reconfigurability fea-
tures of the presented structures. Simple exact formulas for evaluating the ohmic losses related to the surface plasmon
polariton (SPP) propagation along a suspended graphene sheet, and the relevant figures of merit of SPP propagating over
a generic metasurface are given. Such formulas allow us to explain the low efficiency of reconfigurable antennas based on
SPPs along graphene metasurfaces. Then, the radiative performance and relevant losses of graphene Fabry–Perot cavity
antennas (FPCAs) based on non-plasmonic leaky waves (LWs) are investigated and compared with previous solutions
based on SPPs. In particular, a single-layer structure, i.e. a grounded dielectric slab covered with a graphene metasurface,
and a multilayered structure, i.e. a substrate–superstrate antenna in which the graphene metasurface is embedded at a suit-
able position within the substrate, are considered in detail. The results show that the proposed LW solutions in graphene
FPCAs allow for considerably reducing the ohmic losses, thus significantly improving the efficiency of the proposed radiators.
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I . I N T R O D U C T I O N

In the last decade, the concept of transformation optics (TO),
introduced for the first time in 2006 [1], has strongly boosted
the research activity in metamaterials [2]. Their use has been
promoted in [1] for practically achieving a considerable
control of the electromagnetic fields. In principle, the uncom-
mon features exhibited by metamaterials would allow for the
realization of intriguing applications such as electromagnetic
cloaking [3] or as “metasurfing”, i.e. addressing electromag-
netic waves on metasurfaces [4].

Although different designs of metasurfaces exist in the
microwave range [4–6], only few implementations have
been proposed in the terahertz (THz) range [7, 8], where
there is still a high demand of efficient sensors, especially
for medical and security applications [9]. In this context,
graphene, the two-dimensional (2D) honeycomb lattice of
carbon atoms [10], has recently emerged as a leading material
for THz technologies [11] and, particularly, in the field of TO
[12]. As a matter of fact, the remarkable electronic properties
of graphene (e.g. the extremely high room-temperature carrier
mobility and the ambipolar electric-field effect [10]) promote

it as a privileged platform for metamaterial-like devices in the
THz spectrum [12]. In this frequency range, graphene surface
conductivity becomes mostly reactive [13–16] and hence can
support the propagation of a surface plasmon polariton (SPP)
[16, 17]. Moreover, the possibility of dynamically tuning its
conductivity by changing its chemical potential mc through an
applied DC bias voltage constitutes one of the main advantages
over conventional metasurfaces [12, 18, 19].

All these features have allowed for the realization of different
interesting reconfigurable THz radiators based on the propaga-
tion of SPPs along a graphene metasurface, e.g. a graphene
dipole antenna in [18] and a graphene leaky-wave antenna
(LWA) in [19] (see Fig. 1(a)). However, in both designs [18,
19], the radiation efficiency of the antennas is rather poor,
being limited to values lower than 20%. There, the ohmic
losses, i.e. the attenuation constant of the SPP aspp, and in
turn the radiation efficiency, depend on: (i) the quality of gra-
phene, determined by its scattering rate G (or equivalently its
relaxation time t ¼ 1/(2G)) [19], (ii) the chemical potential
mc and the operating frequency f0, as clearly expressed by the
approximated analytical formulas obtained in [18].

In this work, we first discuss the loss effects in (SPPs)
propagating along a suspended graphene sheet, deriving
exact formulas for the relevant attenuation aspp and phase
bspp constants as functions of the real sR and imaginary sJ

parts of the complex-valued conductivity s ¼ sR 2 jsJ.
Henceforth, we analyze the radiation performance and effi-

ciency of two reconfigurable graphene Fabry–Perot cavity
antennas (FPCAs) based on non-plasmonic leaky waves
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(LWs) (see Figs 1(b) and 1(c)): the graphene-based planar
single-slab antenna [14] and the graphene-based substrate–
superstrate (SS) antenna [15]. In [14, 15], it has been shown
that the radiation performance of these antennas is compar-
able, in terms of directivity, with that reported in [18, 19].
Moreover, graphene LWAs based on non-plasmonic leaky
waves have also been proposed in [20] where a patterned gra-
phene metasurface instead of a uniform graphene sheet is used
to design a high-impedance surface (HIS) on a dielectric sub-
strate. However, no insights have been given about the effi-
ciencies of the structures proposed either in [14, 15] or in
[20]. Here, we have first validated the previous results
(based on theoretical models) with full-wave simulations,
and then rigorously evaluated the efficiencies of the non-
plasmonic structures in [14, 15]. As will be seen, the efficien-
cies are considerably higher than those obtained for the plas-
monic structures proposed in [18, 19] (viz., limited to values
below 20%), easily achieving values of the order of 70–80%.
This improvement is mainly due to the different mechanism
of radiation which is based on the excitation of a pair of
weakly attenuated leaky modes, preventing the excitation of
a SPP.

Furthermore, a preliminary study is also carried out to
assess the possibility to use patterned graphene metasurfaces
[20, 21], and thus add further degrees of freedom in the
antenna design. Specifically, a graphene-strip grating over a
grounded dielectric slab (see Fig. 1(d)) has been considered
as a perturbation of a graphene-based planar single-slab
antenna. Novel numerical results reveal us that this kind of

structures deserves further investigations, opening interesting
perspectives in the context of graphene-based LWAs.

Finally, the technological aspects related to the realization
of the proposed devices, either with an unpatterned graphene
sheet as in graphene-based planar single-slab and graphene-
based SS antennas, or with patterned graphene as in a
graphene-strip grating antenna, are thoroughly discussed.

I I . G R A P H E N E O H M I C L O S S E S

A) Graphene conductivity
Graphene is a true 2-D metamaterial [18] whose surface con-
ductivity s ¼ sR 2 jsJ is a complex-valued scalar quantity
that, at room temperature and in the low THz range, is suffi-
ciently well described by taking into account only the
intraband-contribution terms of the Kubo formula [13, 19],
which describes s as a function of the chemical potential mc,
the relaxation time t, the temperature T, and the frequency f.
Clearly, at standard conditions (T ¼ 300 K) and when f is
fixed, s only depends on t and mc.

In Fig. 2(a), we have reported the values of sR and sJ for
f ¼ 1 THz as a function of t in the range 0–3 ps for different
values of the chemical potential mc ranging from 0 to 1 eV
(similar ranges of variations for both t and mc are widely
used in the available literature, e.g. see [22] and references
therein). As can be seen, sR decays almost exponentially for
values of t greater than about 0.3 ps for any value of mc. In

Fig. 1. Illustrative examples of different reconfigurable graphene-based antennas. (a) A planar antenna based on the propagation of a SPP along a graphene
nanoribbon. In (b) and (c), two different FPCAs based on the excitation of leaky waves in a graphene-based planar single-slab antenna [14] and in a
graphene-based SS antenna, respectively. In (d), a graphene-strip grating over a grounded dielectric slab. In all the examples the graphene sheet is biased as
described in [14].
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addition, for any given t, sR is a monotonically increasing
function of mc, whereas |sJ | is a monotonically increasing
function of both t and mc.

However, when sR is not much lower than |sJ |, the dissi-
pation losses of a SPP expressed by aspp cannot be related only
to sR, but generally depend on both sR and sJ. In order to
clearly emphasize this issue, in the following subsection we
derive exact formulas, which express aspp and bspp of the
SPP supported by a suspended graphene sheet as a function
of sR and sJ.

B) Losses in plasmonic propagation
As is known [17], the propagation constant kspp ¼ bspp 2

jaspp of the SPP supported by a conducting sheet is obtained
in analytical form only when such a sheet is suspended in a
homogeneous medium (e.g. vacuum). It is worth here to
remark that this is a good approximation for a graphene
sheet in air above a ground plane at a distance greater than
half a wavelength (see Fig. 6 in [19]). In this case, the normal-
ized plasmonic wavenumber k̂spp = b̂spp − jâspp = kspp/k0

(where k0 is the free-space wavenumber) reads:

k̂spp =
������������
1 − 4

(sz0)2

√
, (1)

where z0 ≃ 120p V is the free-space impedance. After some
algebra, it is possible to get exact formulas for the normalized
phase constant b̂spp and the normalized attenuation constant
âspp, as functions of sR and sJ:
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where D = s2
R − s2

J − 4/z2
0 and P ¼ 22sRsJ. In Fig. 2(b),

equation (3) is implemented for values of sR and sJ in
roughly the same range of values of Fig. 2(a). This clearly
shows the role played separately by the real and imaginary
parts of conductivity in establishing the level of the dissipation
losses of a SPP propagating along a conductive sheet.

In order to compare our results with those obtained for a
LWA based on SPP propagation along a graphene sheet
over a silica (SiO2) substrate (1rs ¼ 3.8), we have considered
values of t ¼ 1 ps, and mc ¼ 0.436 eV, at f ¼ 1 THz [19].
From Fig. 2(a) we get sR ≃ 3 mS and sJ ≃ 7 mS, which
gives rise through (2) to âspp ≃ 0.08 (see Fig. 2(b)).
According to [18], aspp linearly depends on f and on a
scaling factor S ¼ (1rs + 1)/2. As a result, âspp does not
depend on f, but it should be scaled by a factor S ¼ 2.4
(since we are considering a half-space of silica), which gives
âspp ≃ 0.2, as is found in [19], thus corroborating the validity
of our analysis.

The resulting high ohmic losses are the most limiting factor
for the antenna efficiency h of this kind of structures, that is
restricted to h ≃ 20% [18, 19].

C) Quality measure of surface plasmons
In the previous subsection, we have considered the quantity
âspp = asppl0/2p, where l0 is the free-space wavelength, as
a figure of merit (FoM) for the dissipation losses of the SPP.
This choice is motivated by our interest in antenna applica-
tions, where the relevant dimensions are typically related to
l0. However, a measure of the quality of surface plasmons
in waveguiding structures (e.g. nano-interconnects, nano-
resonators, Bragg gratings, etc.) is given by different FoM.
In this context, three FoMs have been proposed as
benefit-to-cost ratios (where the benefit is represented by con-
finement and the cost is the attenuation) [23]. Specifically, we
focus on the M2 and the M3 FoM, which are defined as

M2 = (b̂spp − 1)/âspp, (4)

M3 = b̂spp/(2pâspp). (5)

Fig. 2. (a) Graphene Re[s] and Im[s] versus t at f ¼ 1 THz for mc ranging from 0 to 1 eV. Re[s] and Im[s] curves gradually shade from red to blue and from gray
to black, respectively, as mc increases from 0 to 1 eV. (b) Ohmic losses of a suspended SPP (in terms of âspp) for values of sR and sJ in the dynamic range shown in
(a). Isolines at âspp = 0.01, 0.05, 0.1, 0.5, 1 are traced for readability purposes.
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M2 gives a direct measure of the confinement of an SPP for
1-D and 2-D structures, whereas M3 is strictly related to the
quality factor Q [23]. In Figs 3(a) and 3(b), M2 and M3 are
reported, respectively, as functions of sR and sJ for a SPP
propagating along a conductive sheet. As is seen, both M2

and M3 considerably improve for rather low values of sR

and sufficiently high values of sJ. This clearly emphasizes
that the use of SPP along graphene sheets is of potential inter-
est for future applications only for sufficiently high values of t
and mc, for which graphene shows a relatively high sJ and a
moderate sR (see Fig. 2(a)). As a final remark, it is worth
here to note that equations (2) and (3), allow for deriving
closed-form analytical expressions for the evaluation of both
M2 and M3. Hence, equations (2) and (3), as well as Figs 2
and 3, may provide a useful tool for the design of plasmonic-
based devices either for antenna applications or for
guided-wave structures.

I I I . G R A P H E N E - B A S E D
F A B R Y - P E R O T C A V I T Y L W A S

The results of the previous section highlight that plasmonics
propagation in reconfigurable graphene-based antennas may
lead to very low efficiencies. To overcome these limitations,
we consider here two novel reconfigurable Fabry–Perot
cavity graphene-based antennas in which the mechanism of
radiation is related to the excitation of a pair of fundamental
transverse electric (TE) transverse magnetic (TM) leaky
modes, thus avoiding plasmonic propagation. In the following
subsections, we briefly review and discuss the radiating per-
formance and efficiency of a graphene-based planar single-
slab antenna [14] and of a graphene-based SS antenna [15].

A) Graphene-based planar single-slab antenna
A graphene-based planar single-slab antenna [14] is a recon-
figurable LWA [24] based on a graphene metasurface as the
one depicted in Fig. 1(b). The structure consists of a grounded
dielectric layer of relative permittivity 1r1, covered with a gra-
phene sheet, possibly biased through the application of a DC
voltage between the graphene and an extremely-thin polysili-
con layer placed just underneath. In these results, the thick-
ness of the dielectric layer h1 is chosen equal to half the

wavelength in the medium at the operating frequency
(parameters f ¼ 1 THz and 1r1 ¼ 3.8, as well as t ¼ 3 ps,
are chosen as in [14]), so that the structure acts as a 2-D
FPCA [25].

Based on a transverse-resonance technique [26, 27], a thor-
ough modal analysis of this structure in the low THz range
[14] revealed us that for values of mc in the range 0.25–1 eV
the fundamental TE and TM leaky modes exhibit sufficiently
low leakage rates âz = az/k0, thus opening very interesting
scenarios in the context of reconfigurable THz LWAs based
on graphene metasurfaces (we skip here the details about
the actual design of the graphene-based planar single-slab
antenna that can be found in [14]). More interestingly,
using the equivalent circuit model of the graphene-based
planar single-slab antenna (see [14]), and with the aid of the
reciprocity theorem [28], the far-field expression of the mag-
netic field radiated on the H-plane considering a horizontal
magnetic dipole (HMD) source directed along the y-axis
(see Fig. 1), has been found:

F(u) = H0 cos u
2YTE

cc cos(kx1hs)
(s+ YTE

0 + YTE
cc ) cos(kx1h1)

(6)

with

YTE
cc =− jYTE

1 cot(kx1h1), YTE
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vm0
, YTE

0 = kx0
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,
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�����������
k2

01r1 − k2
z

√
, kx0 =

��������
k2

0 − k2
z

√
, H0 = −j

k0z0

4p
,

(7)

where hs is the distance of the source with respect to the
ground plane. The expression for the E-plane pattern can be
obtained by suppressing in (6) the factor cosu and replacing
the TE admittances with the TM ones:

F(u) = H0
2YTM

cc cos(kx1hs)
(s+ YTM

0 + YTM
cc ) cos(kx1h1)

(8)

Fig. 3. SPP figures of merit: (a) M2 = (b̂spp − 1)/âspp and (b) M3 = b̂spp/(2pâspp) versus sR and sJ in the dynamic range shown in Fig. 2(a). The former (a) gives a
measure of the confinement of a suspended SPP for 1-D and 2-D waveguide structures. The latter (b) is strictly connected to the quality factor Q [23].
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with
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1 cot(kx1h1), YTM
1 = v101r1

kx1
, YTM

0 = v10

kx0
,

kx1 =
�����������
k2

01r1 − k2
z

√
, kx0 =

��������
k2

0 − k2
z

√
, H0 = −j

k0z0

4p
(9)

We note that the intensity of the radiation pattern over both
planes is maximized when the source is placed on the
ground plane hs ¼ 0. This location is quite convenient, since
a HMD source can be used to model a slot etched in the
ground plane and back-illuminated by a coeherent THz
source as a photomixer.

These analytical results have been further validated
through full-wave simulations on CST Microwave Studio
[29]. In fact, according to reciprocity theorem [28, 30], the
magnetic far field at the observation point can be calculated
by evaluating the field at the source dipole location due to
the incident wave from a testing dipole, for any angle of obser-
vation. This scenario has been modeled in CST, by exciting a
unit cell of period l ¼ l0/4 with a Floquet port at a proper dis-
tance. Full-wave simulations and analytical results have shown
a remarkable agreement, as can be inferred looking at the
graphene-based planar single-slab antenna radiation patterns
reported in Fig. 4, where the cyan circles (CST) and the black
lines (equation (6)) are actually overlapped. It is worth here to
stress that in the CST model graphene is modeled with the full
integral version of the Kubo formula, which takes into account
also the interband contributions. Hence, the remarkable
agreement between our results, based solely on the intraband
contributions of Kubo formula, and full-wave simulations,
further corroborates the validity of our initial hypotheses.

In conclusion, both analytical and numerical results have
shown that the tunability of graphene conductivity allows
for achieving beam scanning at fixed frequency, an uncom-
mon feature for conventional LWAs [24, 28, 31]. However,

the directivity of the graphene-based planar single-slab
antenna is rather low due to the relatively high values of the
leakage rate. Hence, in the next subsection, novel multilayered
structures based on graphene metasurfaces are considered in
order to improve the radiative performance.

B) Graphene-based SS antenna
A graphene-based SS antenna [15] is a reconfigurable leaky-
wave SS antenna including a graphene metasurface as the
one depicted in Fig. 1(c). The structure is a conventional SS
antenna [25], except for the introduction of a graphene
sheet at a suitable position within the substrate. In brief, start-
ing from the design of the graphene-based planar single-slab
antenna described in [14], a cover dielectric layer (or “super-
strate”) of higher relative permittivity 1r2 (e.g. Hafnium oxide
(HfO2) for which 1r2 ¼ 25), and thickness h2 equal to a
quarter of the wavelength in the superstrate [25], is
mounted on top of the graphene layer to increase directivity
at broadside (the interested reader can find more details
about the actual design of the graphene-based SS antenna
in [15]).

Then we have considered different positions for the gra-
phene sheet within the substrate in order to find an
optimum location where it simultaneously allows for good
beam reconfigurability at fixed frequency and an improved
directivity. The former feature is given by positions where
the graphene sheet strongly interacts with the tangential elec-
tric field, the latter is a result of the “resonance gain” phenom-
enon in SS configurations [25]. Thus, an optimum position is
expected to be found between the middle plane of the sub-
strate and the interface between the dielectric layers.

Henceforth, a parametric analysis has been carried out
showing that an optimum position exists for which the âz

of the dominant leaky mode is minimum at the cut-off fre-
quency fc (i.e. the frequency for which b̂z(fc) = âz(fc) [30])
(see Fig. 5), and in turn the directivity is maximum at broad-
side [25, 30].

Fig. 4. Radiation patterns versus elevation angle u on the H-plane for a graphene-based planar single-slab antenna. Results are obtained through equation (6) (solid
black lines) and through CST full-wave simulations (cyan circles). The beam-scanning behavior at a fixed frequency is shown for pointing angles up¼ 08, 158, 308, 458 in
connection with the different values of mc. Similar results are obtained on the E-plane. In all cases, a remarkable agreement is observed among analytical and numerical
results.

efficient 2d lwa configurations based on graphene metasurfaces 1297

https://doi.org/10.1017/S1759078717000459 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078717000459


Following the same approach outlined in the previous sub-
section, the far-field expression of the magnetic field radiated
on the H-plane for a graphene-based SS antenna, considering
a HMD source directed along the y-axis (see Fig. 1), is found:

F(u) = H0 cos u
2YTE

in3
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0

YTE
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[ ]

(12)

It is straightforward to verify that for j ¼ 1 (i.e. when the
graphene sheet is placed at the SS interface) and h2 ¼ 0 (i.e.
without the superstrate), equation (10) coincides with equa-
tion (6). (The expression for the E-plane can be obtained as
described in the previous Section III.A).

Both full-wave simulations (CST) and analytical results for
the radiation patterns (see Fig. 6) confirm that the optimized

graphene-based SS antenna shows substantially improved
directivities with respect to graphene-based planar single-slab
antenna solutions (see Fig. 4) for all the considered pointing
angles (up ¼ 08, 158, 308, 458). Note that the obtained directiv-
ities of both the graphene-based planar single-slab and the
graphene-based SS antennas are comparable with those
obtained for the graphene-based SPP antennas proposed in
[18, 19].

It is worth noting that these results have been obtained for
a given dielectric contrast of the layers R ¼ 1r2/1r1 ≃ 6.
However, in Fig. 5 it is shown that, when different dielectric
contrasts are considered, this minimum condition still exists
but is less pronounced and achieved for graphene positions
shifted toward the interface between the layers, as R increases.
This is exactly what we expect from theory, since, for a higher
R, “cover” effects [25] dominate over graphene effects.
Consequently, it is convenient to place graphene in a position
where it weakly interacts with the tangential electric fields (we
recall here that in a standard SS antenna the tangential electric
field has a minimum at the interface between the layers).

C) Efficiencies of graphene-based planar
single-slab and graphene-based SS antennas
In order to evaluate the efficiencies of both the graphene-
based planar single-slab and the graphene-based SS antennas
we have calculated the ratio h ¼ Prad/(Prad + Pg), where Prad

is the power radiated in space and Pg is the power dissipated
along the graphene sheet [32]. As is typical, these structures
are assumed to be electrically large in the transverse plane
so that the power dissipated at the end of the line is negligible.
Note also that more sophisticated approaches, which take into
account ohmic and dielectric losses as well as dyadic nonlocal
models for s, have already been investigated in [14], showing
very similar results to those considered here.

The quantities Prad and Pg have been evaluated using the
transmission-line method and the ABCD-matrix approach
[33] based on the transverse equivalent networks of the struc-
tures [14]. The calculation revealed us that the graphene-
based planar single-slab antenna achieves an efficiency of
about 70%, whereas the graphene-based SS antenna achieves
efficiencies in the range 40–90%, depending on the graphene
position. As an example, considering a graphene-based SS
antenna with R ¼ 5 (see Fig. 5), the optimum position of gra-
phene for achieving maximum directivity is reached approxi-
mately at x0/h1 ≃ 0.8 for fc ≃ 1.12 THz, resulting in âz ≃ 0.16
and h ≃ 60%. Now, if we move the graphene position toward
the interface, e.g. x0/h1 ≃ 0.9, this would lead to a slight
increase of âz(fc) ≃ 0.18 at fc ≃ 1.05 THz, but a quite
increased efficiency h ≃ 80%. It is worth here to stress that
the graphene position, which leads to the maximum directiv-
ity at broadside does not generally produce maximum effi-
ciency. Hence, a trade-off exists between directivity and
efficiency, which gives designers a further degree of freedom
for the synthesis of a graphene-based SS antenna with
respect to the graphene-based planar single-slab antenna and
above all to the previously analyzed SPP structures [18, 19].

D) Graphene-strip grating antenna
The graphene-strip grating antenna proposed finally here is a
reconfigurable LWA based on a patterned graphene

Fig. 5. Cut-off frequency fc (blue to cyan solid lines) and relevant value of
b̂z(fc) = âz(fc) (red to yellow solid lines) as a function of the distance of the
graphene sheet from the ground plane x0 normalized to the substrate
thickness h1, for the fundamental TM leaky mode in the graphene-based SS
antenna. Similar results are found for the fundamental TE leaky mode. As
the dielectric contrast spans the following values R ¼ 2, 5, 10, 20, 50, the
curves shade from blue to cyan and from red to yellow for values of fc and
of âz(fc), respectively.
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metasurface as the one depicted in Fig. 1(d). The structure is
equal to the graphene-based planar single-slab antenna [14],
except for the patterning of the graphene sheet. Specifically,
we have considered a capacitive grid of infinitely-long gra-
phene strips aligned along the y-axis. The proposed grating
is characterized by a subwavelength period p ¼ l/5 and a
very small gap between the strips w ¼ p/10 ¼ l/50 at the
design frequency f ¼ 1 THz (which corresponds to l ≃ 300
mm). Under these conditions, the patterned graphene sheet
can be accurately described by a single homogenized surface
impedance [34–36]. Note that, under these hypotheses, the
proposed graphene-strip grating antenna is considerably dif-
ferent from those proposed in [21], where the period of the
grating is comparable with the wavelength, and hence a
single impedance would not suffice for the description of
the properties of the surface [34].

For an imperfect conductor, or more generally for an
arbitrary 2-D material characterized by a complex surface
conductivity as graphene, the following expressions for the
homogenized TE and TM impedances hold [35, 36]:

ZTM
s = p

s(p − w) − j
heff

2a
, (13)

ZTE
s = p

s(p − w) − j
heff

2a(1 − (kz/keff )2/2) (14)

with

a = (keff p/p) ln csc
pw
2p

( )
,

where keff = k0
����
1eff

√ , heff = z0/
����
1eff

√ , and 1eff ¼ (1r1 + 1)/2.
Following the same procedure outlined in [14, 37], the dis-

persion curves of the graphene-strip grating antenna are

readily obtained using equations (13) and (14) to describe
the sheet impedance. Results are shown in Fig. 7 where the
dispersion curves of the fundamental TE (see Figs 7(a) and
7(c)) and TM (see Figs 7(b) and 7(d)) leaky modes of the
graphene-strip grating antenna (see Figs 7(c) and 7(d)) have
been reported and compared with those of the graphene-based
planar single-slab antenna (see Figs 7(a) and 7(b)) for four dif-
ferent values of the chemical potential mc. The values of mc

have been selected in order to get the same theoretical point-
ing angles [30] analyzed for the graphene-based planar single-
slab and the graphene-based SS antennas, i.e. up ¼ 08, 158,
308, 458, at the fixed frequencies of f ≃ 0.922 THz for the
first one and of f ≃ 1.12 THz for the second one. As is
shown, except for a frequency shift, the behaviors are
similar, and hence comparable radiative performances are
expected from the contribution of the relevant leaky modes.

To verify this, the radiation patterns (see Fig. 8) have been
calculated analytically by taking into account only the contri-
bution of the leaky mode, as described in [30]. As expected,
the radiation patterns at broadside (black lines) of a graphene-
strip grating antenna show a slightly larger beamwidth due to
the small increase of the leakage rate, as can be inferred from
the inspection of Figs 7 and 8. However, as the bias is
decreased from its maximum value mc ¼ 1 eV (broadside
condition), graphene ohmic losses increase as extensively
commented in Section II.A. As a consequence, in the
graphene-based planar single-slab antenna (see Figs 7(a) and
7(b)), the leakage rates at the cut-off frequency f ≃ 0.922 THz
tend to remain almost the same (note that, in 2-D LWAs, as
the phase constant increases beyond the cut-off frequency,
the leakage rate usually decreases [30]), and in turn the corre-
sponding half-power beamwidths are rather large over the
considered scanning range (see solid lines in Figs 8(a) and
8(b)). Conversely, in the graphene-strip grating antenna (see
Figs 7(c) and 7(d)) the leakage rates at the cut-off frequency
f ≃ 1.12 THz decrease as mc decreases, and in turn the corre-
sponding half-power beamwidths (see dashed lines in Figs

Fig. 6. Radiation patterns versus elevation angle u on the H-plane for a graphene-based SS antenna. Results are obtained through equation (10) (solid black lines)
and through CST full-wave simulations (cyan circles). The beam-scanning behavior at a fixed frequency is shown for pointing angles up ¼ 08, 158, 308, 458 in
connection with the different values of mc. Similar results are obtained on the E-plane. In all cases, a remarkable agreement is observed among analytical and
numerical results.
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8(a) and 8(b)) are narrower than those of the graphene-based
planar single-slab antenna (see solid lines in Figs 8(a) and
8(b)) as the beam is scanned for a wider angle. This behavior
has a simple physical explanation. As can be inferred from
equations (13) and (14), the dependence of s on the homoge-
nized impedance of the graphene-strip grating, is “weighted”
by the geometrical properties of the grating. As a consequence,
any change in the graphene conductivity s is reflected in a
weaker effect whose intensity depends on the “filling-factor”
w/p. The results of this section are thus a direct consequence
of the choice w/p ¼ 0.1.

As a final remark, the different equalization of the TE–TM
modes in the case of a graphene-strip grating antenna is worth
to be commented. As is seen, the values of the chemical poten-
tials needed to obtain the same pointing angle are different

over the H- and the E-plane, whereas they are almost the
same for the graphene-based planar single-slab antenna.
This is a consequence of the different expression (see equa-
tions (13) and (14)) of the equivalent impedance shown by
the graphene-strip grating for the TE and TM cases.
However, the graphene-strip grating antenna, is still quite
attractive thanks to the additional degrees of freedom pro-
vided to antenna designers. In fact, the possibility to use a pat-
terned graphene sheet, instead of a uniform unpatterned
graphene sheet, allows for independently biasing each strip,
thus permitting the realization of tunable LWAs with a
tapered aperture distribution.

We finally note that the radiating features of the graphene-
strip grating antenna have been preliminarily analyzed assum-
ing a homogenized impedance for the graphene-strip grating.

Fig. 8. Normalized radiation patterns P(u)/Pmax versus u for (a) TE (H-plane) and (b) TM (E-plane) fundamental leaky mode of a graphene-based planar
single-slab antenna (solid lines) and a graphene-strip grating antenna (dashed lines).

Fig. 7. Dispersion diagrams of b̂z and âz versus f for (a)–(c) TE and (b)–(d) TM fundamental leaky modes of a (a, b) graphene-based planar single-slab antenna
(solid lines) and a (c, d) graphene-strip grating antenna (dashed lines). The values of the chemical potentials mc are reported in the legends.
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In this context, full-wave simulations are even more required
in order to assess the validity of the homogenization formulas
in equations (13) and (14) for conductive strips characterized
by a finite complex conductivity as graphene.

I V . T E C H N O L O G I C A L A S P E C T S

In this section, we provide some information about the techno-
logical implementation of graphene-based planar single-slab,
graphene-based SS, and graphene-strip grating antennas. The
proposed structures are depicted in Figs 1(b), 1(c), and 1(d).
The antenna feed excitation can be achieved through a finite-
size slot etched in the ground plane whose dimensions along
the y- and the z-axes are of the order of l/5 and l/10, respect-
ively. Then, a coherent THz source, such as a quantum cascade
laser (QCL) beam, can be used to illuminate the slot in order to
suitably excite the fundamental leaky modes.

The lateral dimensions of the structure are calculated fol-
lowing the design rules outlined in [14], in order to minimize
diffraction from edges which would affect the shape of the
radiation patterns, especially on the sidelobes. In particular,
for the case of a graphene-based planar single-slab antenna,
the linear dimensions of the structure should be of the order
of 500 mm, whereas for the case of a graphene-based SS
antenna, they should be of the order of 750 mm. The increased
linear dimensions of a graphene-based SS antenna with
respect to a graphene-based planar single-slab antenna are
due to the reduced value of the leakage rate provided by the
cover effect of the superstrate [15]. However, such dimensions,
and even higher, are within the state of the art for the produc-
tion of high-quality graphene sheets as pointed out by many
recent works [38–43]. As is known, the chemical vapor depos-
ition (CVD) method allows for the synthesis of high-quality
large-area graphene films grown on copper foils. Even more
interestingly, it has recently been shown that a new, simple
and effective method based on CVD [43] allows for the pro-
duction of several square centimeters of strictly monolayer
graphene sheet, thus paving the way for the mass production
of monolayer graphene in industry.

Once the graphene film is produced, it can be transferred
onto a back-metalized SiO2 substrate (already comprising
the polysilicon layer) as described in [41]. In the case of a
graphene-based SS antenna, a double-layered slab consisting
of a layer of SiO2 and a layer of HfO2 is then stacked on top
of the graphene sheet.

With regard to the graphene-strip grating antenna, the
only difference would consist in the transfer process of the
graphene sheet from the copper foil to an imprinted PMMA
(poly-methyl-methacrylate), as well described in [44]. It is
worth here to stress that this technique [44] preserves the
quality of the CVD grown graphene, and offers the possibility
to transfer of the graphene-strip grating antenna onto the
silicon oxide substrate.

The tunable features of graphene are then exploited by
varying the DC voltage between the graphene sheet and the
polysilicon layer, used here as a gate electrode.

V . C O N C L U S I O N

The main features exhibited by graphene conductivity in the
THz range have been addressed in a new and comprehensive

fashion in order to give a different explication of the high
ohmic losses shown by reconfigurable graphene antennas in
which the mechanism of radiation is related to the propaga-
tion of a SPP.

In this context, we have then proposed three different
layouts of reconfigurable Fabry–Perot cavity graphene anten-
nas based on leaky waves. Numerical results have shown that
these structures have comparable directivities, but very
improved efficiencies with respect to previous solutions
based on SPPs. This suggests the employment of graphene-
based Fabry–Perot cavity LWAs as a new paradigm for effi-
cient reconfigurable radiators in the low THz range.
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